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REALIZATION OF COMBINED DIAGNOSIS/TREATMENT SYSTEM BY ULTRASOUND STRAIN 
MEASUREMENT-BASED SHEAR MODULUS RECONSTRUCTION/IMAGING TECHNIQUE 

AMPLES WITH APPLICATION ON THE NEW TYPE INTERSTITIAL RF ELECTROMAGNETIC WAVE 
THERMAL THERAPY 
C. Sumi, and R. Kojima 

Department of Electrical and Electronics Engineering, Faculty of Science and Technology, 
Sophia University, Tokyo 102-8554, JAPAN 
t - For various soft tissues (e.g., breast, liver, etc.), we 
eloping the ultrasonic strain measurement-based shear 
s reconstruction/imaging technique. To clarify the 
on of this technique as the diagnostic tool, together 
proving the technique we are collecting clinical shear 
s images. Furthermore, we are applying the technique 

monitoring technique for the effectiveness of chemical 
 (e.g., anticancer drug, ethanol) and thermal therapy 
 electromagnetic wave, HIFU, etc.). Here, we showed 
odulus images obtained in quasi-real time. Using the 

tional Work Station, the quantitative images were 
d on ten seconds order. In particular, by exhibiting the 
rity of shear modulus imaging compared with 
neous B-mode imaging, we delineated the effectiveness 
technique as the clinical visualization technique for 
is and therapy. For instance, shear modulus value of in 
man breast carcinoma was significantly high (typical 
6.33 x 106 N/m2). Shear modulus images were also 
d on in vivo human liver tissues. On the in vitro calf 
hear modulus value of electromagnetic wave-induced 
l lesion became about five times higher after cooling 
We believe that this technique is solo currently 
le as diagnosis or monitoring tool, and yet in the near 

this technique will allow the combined 
is/therapy systems for opening up a novel clinical style. 
ds – combined diagnosis/therapy system, cancer, 
ic strain measurement-based shear modulus 

ruction/imaging, differentiation, monitoring,  
eness of treatment, chemical therapy, thermal therapy, 
tial RF electromagnetic wave thermal therapy, 
tion 

I. INTRODUCTION 
 

ll known that the pathological stage of living human soft 
highly correlates with the static mechanical properties.  
s the diagnosis tool for various soft tissues (e.g., breast, 
c. ), we are developing the ultrasonic strain measurement- 

 
based shear modulus reconstruction/imaging technique [1-6]. To 
clarify the limitation of this technique, together with improving 
the technique we are collecting clinical shear modulus images. 
Furthermore, As the static mechanical properties reversibly or 
irreversibly change by chemical therapy (e.g., anticancer drug, 
ethanol) and thermal therapy (e.g., rf electromagnetic wave, HIFU, 
LASER etc.) [7-12], we are applying the technique as the 
monitoring technique for the effectiveness of the therapy [13-15]. 
Here, we showed shear modulus images obtained in quasi-real 
time. Using the conventional Work Station (Compaq XP1000, 
Alpha 500 MHz), the quantitative images were obtained on ten 
seconds order. In particular, by exhibiting the superiority of the 
shear modulus imaging compared with the simultaneous B-mode 
imaging, we delineated the effectiveness of the technique as the 
quantitative visualization technique for diagnosis and therapy. 
Recently, to treat liver lesions several type interstitial RF 
electromagnetic wave thermal applicator systems are clinically 
used, in which the pair of needle-type electrodes and a plate 
electrode is employed. However, as we could confirm through in 
vivo human breast tissues that the technique has high potential as 
the practical tool for differentiating early stage malignancies [5], 
we in novel realized the thermal applicator using only needle 
electrodes. Since we’ll also apply this diagnosis and therapy to in 
vivo deeply situated tissues, we conducted shear modulus imaging 
on in vivo liver as well as in vivo breast, after which, to verify the 
feasibility as the monitoring technique we performed 
heating/imaging on the fresh in vitro calf liver.  
 
 

II. METHOD  AND  MATERIALS 
 

A. Shear modulus reconstruction/imaging technique 
  In our imaging technique, the relative shear modulus 
distribution is reconstructed from ultrasonically measured strain 
tensor filed data with respect to reference shear moduli provided 
in properly realized local regions [1, 2].  
  Displacement vector field generated by spontaneous heart 
motion and/or externally applied pressures can be measured by 
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applying the ultrasonic rf-echo phase matching method [3, 4] to 
the successively acquired rf-echo data frames, or the paired rf-
echo data frames, i.e., ones under pre-deformation and post-
deformation. In this method, a displacement is determined by 
using the phase characteristics of the finite local echo data as the 
index to iteratively search for the corresponding local data. As the 
change of the local phase characteristics due to tissue deformation 
deteriorates the accuracy of the determination, the local region 
size is made suitably smaller during the iterative phase matching. 
By performing this phase matching throughout the ROI, an 
accurate displacement vector field data is obtained. The 
axial/lateral resolutions are respectively determined by the 
axial/lateral lengths of the final local region. Subsequently, the 
displacement field data is differentiated using the filter with a cut-
off frequency [1] to obtain the strain field data. To determine the 
globally relative shear modulus distribution with respect to the 
reference shear moduli, the simultaneous partial differential 
equations having the strain tensor as the spatially inhomogeneous 
coefficients are handled. However, as the inevitable strain 
measurement errors and unfortunate occurred improper 
configurations of mechanical sources and reference regions make 
the determination problem ill-conditioned, the robust numerical-
based implicit-integration approach [2] is used, which 
incorporates a computationally efficient regularization method 
using low-pass filtered spectra derived from strain measurement 
data. Reconstructed shear modulus distribution is imaged in a log 
gray scale, in which the bright region indicates that the region is 
relatively stiff and vice versa. 
 
 
B. Interstitial RF electromagnetic wave applicator system 
  The pair of needle electrodes with the diameters of several 
millimeters are used to apply the electric currents with the 
frequency of 13.56 MHz. The change of the tissue electric 
impedance is automatically tracked, and therefore the currents 
with the power of less than 1 kW can be constantly applied. Using 
this applicator system and the monitoring technique, the size of 
the energy-induced thermal lesion can be controlled. 
 
 
C. In vivo experiment on human breast and liver tissues 

The volunteer was 40 years old with papillotubular 
carcinoma and intraductal papilloma. The size of the carcinoma 
was larger than papilloma. The volunteer was supinely positioned, 
and the ROI (43.6 mm x 29.8 mm, spreading from 10.8 mm) was 
set in her breast tissue. A block reference material of known shear 
modulus value was put between the ultrasound transducer and her 

breast, the breast tissue was compressed by the transducer such 
that the ROI could deform in the scanning plane. The pre-
compression and post-compression rf echo data frames were 
collected. The nominal frequency of the interrogating ultrasound 
was 7.5 MHz, and the sampling rate was 30 MHz (12 bits). Fig. 
1a shows the B-mode image of the ROI under pre-compression. A 
reference line was set at the depth of 10.8 mm.  
        The volunteer (male) was healthy 31 years old. The 
volunteer was supinely positioned, and the ROI (35.7 mm x 49.7 
mm, spreading from 35.1 mm) was set in his liver tissue. The 
tissue was compressed by the ultrasound transducer, and during 
compression echo data frames were successively acquired. The 
nominal frequency of the interrogating ultrasound was 8.0 MHz, 
and the sampling rate was 40 MHz (12 bits). Fig. 2a shows the B-
mode image of the ROI, in which a reference line is drawn, i.e., 
depth of 49.8 mm, where arteries could not be detected. The 
reference value was set at 1.0. 
 
 
D. In vitro experiment on calf liver 
  As shown in the photograph (Fig. 3), the paired needle 
electrodes were inserted with the angle of 45 degree in parallel 
into the calf liver specimen. The diameters of the used electrodes 
were 2 mm, and currents with the power of 100 W were applied.  
 
 Specimen 1 (Fig. 4) 

The region of the changed ultrasonic reflectivity almost 
coincided with that in the cutting surface of the visibly detected 
coagulation. The distance between the needle electrodes was 10 
mm. This specimen was mechanically compressed such that the 
pre-compression and post-compression echo data frames crossed 
with the paired electrodes could be collected. The nominal 
frequency of the interrogating ultrasound was 5.0 MHz. In Figs. 
4a and 4b, we show the B-mode images of the ROI (the size of 
23.3 mm x 19.6 mm, spreading from 2.3 mm) respectively 
obtained before and after heating under pre-compression. The 
reference line for shear modulus reconstruction was set at the 
depth of 2.3 mm, and the reference values were determined by 
calculating the ratios of the measured strains. 
 
Specimen 2 (Fig. 5) 

The spatio-temporal change of shear modulus was 
monitored. The distance between the needle electrodes was 20 
mm. The currents were applied twice for 5 minutes with 10 
minutes’ interval. Six stages are numbered as follows: (i) before 
heating, (ii) after 5 minutes’ heating, (iii) after 1 minute’s leaving, 
(iv) after more 9 minutes’ leaving, (v) after more 5 minutes’ 



 

 

heating, and (vi) after more 10 minutes’ leaving. At each stage, 
the specimen was mechanically compressed such that the echo 
data frames could be collected in the central plane between the 
paired electrodes. The nominal frequency of the ultrasound was 
8.0 MHz. In Fig. 5a the B-mode images are shown of the ROI 
(25.1 mm x 39.4 mm, spreading from 3.9 mm) obtained under 
pre-compression at the stages from (i) to (iv). The reference line 
was set at the depth of 5.8 mm, and the reference values were 
determined by calculating the ratios of the measured strains. 
 
Specimen 3 (Fig. 6) 

The superficial end of liver had blood vessels with the 
diameters of about 1 milli-meters, and the region of the 
ultrasonically detected changes was larger compared with that in 
the cutting surface of the visibly detected coagulation. The 
distance between the electrodes was 10 mm. This specimen was 
compressed such that the echo data frames crossed with the paired 
electrodes could be collected. The nominal frequency was 5.0 
MHz. In Figs. 6a and 6b, the B-mode images are shown of the 
ROI (the size of 15.0 mm x 17.6 mm, spreading from 4.7 mm) 
respectively obtained before and after heating under pre-
compression. The reference line was set at the depth of 6.0 mm. 
 
Specimen 4 (Fig. 7) 

Under the same configurations as that of experiment 
on specimen 2 the currents were applied twice for 5 minutes with 
10 minutes’ interval. From B-mode image shown in Fig. 7b after 
heating, branched blood vessel was visualized of the diameters of 
about 0.1 mm though it’s difficult from the B-mode image in Fig. 
7a before heating. The ROI (the size of 23.0 mm x 16.4 mm, 
spreading from 5.0 mm) was set in parallel in the center of the 
paired electrodes, the reference line set at the depth of 5.5 mm.  
 
 
 

III. RESULTS 
 

A. In vivo experiment of human breast and live tissues 
Fig. 1b shows the shear modulus distribution 

reconstructed on in vivo human breast tissue (papillotubular 
carcinoma case) with the very large dynamic range of 35.8 dB and 
with the high spatial resolution of 0.8 mm x 3.8 mm. The tumor 
was estimated to have considerably high shear modulus value, and 
the estimated highest value of the lesion was 6.33 x 106 N/m2. The 
Figs. 1c and 1d shows reconstructions obtained with the smaller 
regularization parameter values, while Figs. 1e, 1f, and 1g with 

the spatial resolutions of 1.6 mm x 7.7 mm and with the same 
regularization parameter values. 

 
      (a)           (b)           (c)           (d)          (e)           (f)          (g) 
Fig. 1: In vivo human breast tissue (40 years old, ROI size: 43.6 
mm x 29.8 mm, depth from 10.8 mm). Images from left to right of 
B-mode and shear modulus (three images of spatial resolutions of 
0.8 mm x 3.8 mm with regularization parameter getting smaller, 
and three of 1.6 mm x 7.7 mm with the same regularization 
parameter). 
 
  Also on normal in vivo human liver tissue the globally 
relative shear modulus distribution could be stably reconstructed. 
Fig. 2b shows the reconstruction with the very large dynamic 
range of 70.2 dB and the high spatial resolution of 4.8 mm x 5.8 
mm. As shown, several arteries with the diameters of milli-meter 
order were estimated to be considerably soft compared with the 
surrounding tissues.   

   
(a)                                                 (b) 

Fig 2: In vivo human liver (31 years old, ROI size: 35.7 mm x 
49.7 mm, depth from 35.1 mm to 70.8 mm). Reference line: 49.8 
mm. (a) B-mode image and (b) reconstructed relative shear 
modulus image (dynamic range: 70.2 dB). 
 
 
B. In vitro experiment on calf liver 

 

 
Specimen 1 
   In respective Figs. 
images are shown, obtained befo
minutes’ leaving. The dynamic r
resolution is 1.6 mm x 1.6 mm
Fig. 3: Experimental set up
of the in vitro calf liver
specimen, a pair of the
needle electrodes, and the
ultrasound transducer. 
4a and 4b, the shear modulus 
re and after heating with post 15 
ange is 24.1 dB, and the spatial 
. It took several ten seconds to 



 

 

obtain these images (Compaq XP1000, Alpha 500 MHz). Figure. 
4c shows the shear modulus image with the dynamic range of 35.1 
dB obtained with the smaller regularization parameter value. The 
photograph (Fig. 4d) of the cutting surface including the ROI 
show that the elliptic region had gotten higher shear modulus 
value almost coincided with that of the visibly detected 
coagulation. Interesting enough, although the Fig. 2d shows 
laterally unstable reconstruction, we can read in the coagulated 
region the specific variations of shear modulus value. The 
instability can be coped with multi-dimensional process [6]. 

   

                        (a)                                                 (b) 

  

                               (c)                               (d) 
Fig. 4. In vitro calf liver after applying currents (ROI size of 23.3 
mm x 19.6 mm, depth from 2.3 mm). B-mode images (left, pre-
compression) and relative shear modulus images (right, DR: 24.1 
dB) of (a) before heating, and (b) after heating with post 15 
minutes’ leaving, (c) shear modulus image obtained with the 
smaller regularization parameter value (DR: 35.0 dB), (d) photo. 
of cutting surface including the ROI. 
 
Specimen 2 

Fig. 5a shows the shear modulus images obtained at 
the stages from (i) to (vi). The dynamic range is 79.8 dB, and the 
spatial resolution is 2.4 mm x 7.2 mm. Although we could not 
specify the heated region from the series of the B-mode images 
(stages from (i) to (iv) in Fig. 5a), we could only confirm 
generation of bubbles due to tissue boiling and fade of the bubbles 
during cooling down [16, 17]. However, using the series of the 
shear modulus images we could favorably visualize the spatio-
temporal change of tissue elasticity. In order to quantitatively 
evaluate the change, we show in Fig. 5a the stage versus the mean 
shear modulus values calculated on the five local regions (8.3 mm 
x 10.0 mm) depicted in the B-mode image (Fig. 5a－(ii)). We 
could confirm that the tissue softens by heating (stages (ii) and 
(v)) and hardens from outside to inside by cooling down ((iii), (iv), 

and (vi)). By the 1st heating, the mean shear modulus value of the 
local region 1 (stage (iv)) became about five times higher 
compared with that of the stage (i). Interestingly enough, the 2nd 
heating (the stage (vi)) did not allow the mean values at local 
regions of 1 and 3 to reach the mean values at the 1st heating (iv). 
The regions might be fragile due to vaporization; then increasing 
its own plasticity. Finally, the photograph (Fig. 5b) shows the 
cutting surface including the ROI. The coagulated region detected 
from the shear modulus image of (iv) well coincided with that of 
the white region detected in the cutting surface though it’s little 
bit difficult from the shear modulus image of the final stage. 
 

 

(a) –i                                           (a) -ii 

 

                       (a) –iii                                         (a) -iv 

   

(a)–iii                (a)-iv                          (b) 

 
                                         (c) 
 
 
 
 
 
 
 
 

 

Fig. 5: In vitro calf liver (ROI size of 25.1 mm x 39.4 mm, depth 
from 3.9 mm). (a) B-mode images and relative shear modulus 
images (dynamic range: 79.8 dB) at five stages: (i) before 
heating, (ii) after 5 minutes’ heating, (iii) after 1 minute’s 
leaving, (iv) after more 9 minutes’ leaving, (v) after more 5 
minutes’ heating, and (vi) after 10 minutes’ leaving. (b) 
Photograph of the cutting surface including ROI. (c) Stages  (i) 
to (vi) vs. the mean relative shear modulus values (5 areas 
depicted in the B-mode image  (a)-ii). 



 

 

Specimen 3 
     Figures. 6a and 6b respectively show the shear modulus 
images obtained before and after heating with post 15 minutes’ 
leaving. The dynamic range is 34.0 dB, and the spatial resolution 
is 1.6 mm x 1.6 mm. The photograph (Fig. 6c) of the cutting 
surface including the ROI shows that unexpectedly the lower 
elliptic tissues and both side blood vessels of the needle-inserted 
region were coagulated. By digging the coagulated tissues, many 
blood vessels with the diameters of less 1 mm could be found (Fig. 
6d). During cooling down, at the early stage the shear modulus 
value of the both side blood vessels became higher. However, the 
shear modulus of the lower region became not so high compared 
with the side blood vessels. These coagulations are explicitly 
dependent of the running paths of blood vessels and remaining 
blood, specifically, the electric resistances and thermal 
conductivities. As confirmed on other specimens (e.g., Fig. 6e), 
blood vessels and the surrounding regions got coagulated in early 
stage compared with other tissues. Thus, the lower region might 
be shrunk and fragile due to extra induced-thermal energy; then 
increasing its own plasticity. The large region of ultrasonic 
changes also seems dependent on the running blood vessels. 

 

                          (a)                                                (b) 

 

               (c)                           (d)                              (e) 
Fig. 6: In vitro calf liver (ROI size of 15.0 mm x 17.6 mm, depth 
from 4.7 mm). B-mode (left) and reconstructed relative shear 
modulus images (right, DR: 34.0 dB): (a) when electrodes 
inserted before heating, and  (b) electrodes ejected after heating 
with post 15 minutes’ leaving. Photos of (c) cutting surface 
including ROI, (d) coagulated blood vessels, and (e) other 
specimen.  
 
Specimen 4 

The shear modulus value except for the detected blood 
vessels similarly changed as on specimen 2. Figures. 7a and 7b 
respectively show the shear modulus images obtained before 
heating and after heating with post 10 minutes’ leaving. The 
dynamic range is 22.9 dB, and the spatial resolution is 1.6 mm x 

1.6 mm. The photograph (Fig. 7c) of the cutting surface including 
the ROI shows that the region had gotten high shear modulus 
value almost coincided with that of the visibly detected 
coagulation. However, though shear modulus value of the blood 
vessels got high, the value did not reach the value of the 
surrounding coagulated tissues. As the shear modulus image 
exhibits the variations in the slice direction, the more quantitative 
data will be obtained by utilizing 3D reconstruction technique [6]. 

  

                       (a)                                                  (b) 

 
           (c) 

heating. (c) Photo of cutting plane. 
 

Blood vessels with the diameter larger than several milli-
meters were significantly robust with respect to exposed thermal 
energy (omitted). 
 

IV. CONCLUSION 
Time for shear modulus reconstruction/imaging being 

dependent on the ROI size, utilization of our developed technique 
and the conventional Work Station (Compaq XP1000, Alpha 500 
MHz) could specify in quasi-real time the tissue elasticity 
distribution. On the in vivo human breast and liver tissues, shear 
modulus distribution could be stably imaged. In the near future, 
the limitations for differentiating malignancies of this technique 
will be reported. Moreover, spatio-temporal change of shear 
modulus due to heating and cooling down were also shown on the 
in vitro calf liver. Low-invasively obtained various insights about 
tissue thermal properties will significantly contribute to 
heightening the effectiveness of various thermal therapies. When 
performing this kind of the interstitial RF electromagnetic wave 
thermal therapy, the exposure time should be shorten as much as 
possible by increasing the output power. Occasionally some 
cooling device should be also utilized. Ultrasound imaging should 

Fig. 7. In vitro calf liver (ROI 
size of 23.0 mm x 16.4 mm, 
depth from 5.0 mm). B-mode 
(left) and shear modulus 
images (right, DR: 22.9 dB): 
(a) before heating, and (b) 
after heating with 10 minutes’  



 

 

be also conducted. Moreover, together with the temperature 
monitoring technique [e.g., 18] utilization of our technique will 
allow HIFU to be widely used. Measured temperature data and 
reconstructed shear modulus data will be efficiently utilized as the 
measure for controlling the intension and the foci. This technique 
can be applied to various treatments. Monitoring and post-
treatment data evaluated on in vivo human tissues will be also 
reported. We believe that our technique is currently convenient 
though 3D reconstruction was in part expected. In the near future 
these techniques will allow the combined diagnosis/therapy 
systems to open up a novel clinical style. That is, performing of 
diagnosis and the subsequently immediate treatment will 
substantially reduce the total medical expenses. Moreover, the 
combined systems will be also utilized as screening systems.  
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